ABSTRACT: Plasma samples from pediatric cardiac patients undergoing cardiopulmonary bypass (CPB) procedures were used to identify and characterize patterns of changes in potential biomarkers related to tissue damage and inflammation. These included proteins associated with systemic inflammatory response syndrome. Potential biomarkers were identified using a dual-platform proteomics approach requiring ϳ150 L of plasma, which included twodimensional difference gel electrophoresis (2D-DIGE) and a multiplexed immunoassay. Methods used in the dual approach measured levels of 129 proteins in plasma from pediatric CPB patients. Of these, 70 proteins changed significantly (p Ͻ 0.05) between time points, and 36 of these retained significance after the highly stringent Bonferroni correction [p Ͻ 0.001 for 2D-DIGE and p Ͻ 0.00056 for multianalyte profile (MAP) assays]. Many of the changing proteins were associated with tissue damage, inflammation, and oxidative stress. This study uses a novel approach that combines two discovery proteomics techniques to identify a pattern of potential biomarkers changing after CPB. This approach required only 150 L of plasma per time point and provided quantitative information on 129 proteins. The changes in levels of expression of these proteins may provide insight into the understanding, treatment, and prevention of systemic inflammation, thereby helping to improve the outcomes of pediatric CPB patients. (Pediatr Res 67: 641-649, 2010) C onsiderable evidence suggests that systemic inflammation is responsible for many postoperative complications that can lead to multiple organ dysfunction syndrome (1). Currently, there are no effective methods for preventing systemic inflammatory response syndrome (SIRS) in cardiac surgery patients (1). We hypothesize that identifying a panel of biomarkers related to systemic inflammation associated with cardiopulmonary bypass (CPB) could prove useful in predicting patient outcome, identifying potential targets for treatment, and reducing the incidence of vital organ dysfunction and other complications.
C onsiderable evidence suggests that systemic inflammation is responsible for many postoperative complications that can lead to multiple organ dysfunction syndrome (1) . Currently, there are no effective methods for preventing systemic inflammatory response syndrome (SIRS) in cardiac surgery patients (1) . We hypothesize that identifying a panel of biomarkers related to systemic inflammation associated with cardiopulmonary bypass (CPB) could prove useful in predicting patient outcome, identifying potential targets for treatment, and reducing the incidence of vital organ dysfunction and other complications.
We have established a multidisciplinary research team for combining clinical, basic science, and engineering tools focused on minimizing vital organ injury during CPB procedures in neonates, infants, and small children (2) (3) (4) (5) . In previous pilot reports, we have used two-dimensional difference gel electrophoresis (2D-DIGE), a gel-based discovery proteomics approach to study changes in plasma protein expression in pediatric patients undergoing CPB (2, 3) . In these studies, we have identified some proteins whose levels are consistently altered by CPB.
In the current study, we used a dual-platform proteomics approach to compare plasma protein samples before and after cardiac surgery involving CPB to identify potential plasma biomarkers, particularly those related to SIRS, and to characterize the changes they undergo during CPB. One platform used was 2D-DIGE, a gel-based discovery proteomics technique (6, 7) , coupled with matrix-assisted laser desorption ionization-time-of-flight/time-of-flight (MALDI-ToF/ToF) tandem mass spectrometry. This combination of methods for protein quantification and identification of proteins has proven very useful in doing quantitative comparisons of protein, and our group has used it in several preliminary investigations of plasma protein changes after CPB (2, 3) . We coupled our 2D-DIGE studies with a commercially available multianalyte immunoassay capable of measuring 90 different proteins, including many low abundance molecules and some proteins that were also identified and quantified by 2D-DIGE. The pairing of these techniques made it possible to simultaneously analyze changes in expression of 129 proteins in plasma, potentially allowing us to identify proteins and pathways, which have not been explored in previous studies of CPB.
MATERIALS AND METHODS
Cardiopulmonary bypass. Isoflurane and fentanyl facilitated with pancuronium was used to maintain anesthesia, and a median sternotomy was used for all operations. The CPB circuit used a Jostra HL-20 heart-lung machine (Jostra USA, Austin, TX), a Stockert heart-cooler system (Sorin Group USA, Arvada, CO), Capiox hollow fiber membrane oxygenators, and a Capiox pediatric 32 m arterial filter (Terumo Cardiovascular Systems, Ann Arbor, MI). Conventional nonpulsatile flow was used in all patients. Circuit priming solution comprising lactated Ringer's, albumin, and blood was provided. Jenkins (8) risk categories [RACHS-1 (risk adjustment for congenital heart surgery)] were used for analyzing severity of surgical procedures. Cardioplegia is administered through a cannula inserted into the ascending aorta placed between the heart and the aortic cross-clamp. The composition of the solution is four parts oxygenated blood to one part Buckberg cardioplegic solution (cold induction formula) administered at 6 -8°C for 4 min to arrest the heart. The flow is adjusted to deliver the cardioplegia at a system pressure of 90 -100 mm Hg. Subsequent maintenance doses using the "multidose formula" are administered every 20 -30 min for 2 min. Characteristics of the patients and CPB parameters and clinical data are tabulated in Table 1 .
Sample collection and storage. This study was approved by the Penn State College of Medicine Institutional Review Board, and consent forms were signed for all enrolled patients. In addition, a Data Safety Monitoring Board has been established for this study. Blood samples were collected in tubes containing potassium EDTA from 10 pediatric patients undergoing CPB. A baseline sample was collected for each patient ϳ30 min before incision and another sample 24 h after weaning from CPB. The blood was centrifuged, the plasma was removed, and the aliquots were stored at Ϫ80°C until analysis.
Depletion of plasma for 2D-DIGE. Removal of 14 high abundance serum proteins (albumin, IgG, ␣-1-antitrypsin, IgA, transferrin, haptoglobin, fibrinogen, ␣-2-macroglobulin, ␣-1-acid glycoprotein, IgM, apolipoprotein A-I, apolipoprotein A-II, complement C3, and transthyretin) was performed using a Human 14 Multiple Affinity Removal System (MARS) column, 4.6 ϫ 100 mm (Agilent Technologies, Inc., Palo Alto, CA) following the manufacturer's instructions. Briefly, 40 L of plasma was diluted to a final volume of 500 L with buffer A (Agilent Technologies) and filtered through a 0.22-m filter before applying to the column. The proteins that did not bind were subjected to 2D-DIGE. Plasma depletion was performed only on samples to be analyzed by 2D-DIGE, and no depletion was done on those to be analyzed by the multianalyte immunoassay.
Sample preparation for 2D-DIGE. Preparation of samples and 2D-DIGE procedures were described previously (7) . Additional information about the 2D-DIGE study is provided in a form that is in concordance with the minimum information about a proteomics experiment (MIAPE)-gel electrophoresis standards (9) , which are currently under development by the Human Proteome Organization Proteomics Standards Initiative (HUPO-PSI) (Table  S1 : http://links.lww.com/PDR/A59). Depleted samples (50 g) were subjected to minimal labeling with CyDye DIGE Fluors for 2D-DIGE following the manufacturer's instructions (GE Healthcare). Individual samples were randomly labeled with either Cy3 or Cy5 in equal numbers, and a normalization pool containing an equal amount of each sample was created and labeled with Cy2. A second pool containing equal amounts of each sample was also created and left unlabeled to be used for the preparative/picking gel for identification of protein spots by mass spectrometry. Two-dimensional difference gel electrophoresis. For 2D-DIGE, 50 g of a Cy3-labeled sample, 50 g of a Cy5-labeled sample, and 50 g of the Cy2-labeled pool were mixed for each gel. Samples were applied to prehydrated 24-cm pH 4 -7 Immobiline DryStrips (GE Healthcare) using cup loading and subjected to isoelectric focusing. After focusing, strips were equilibrated and sealed on second-dimension 10% polyacrylamide gels (20.5 cm-L ϫ 25.5 cm-W ϫ 1 mm-D) using agarose and the focused proteins separated by molecular weight. Gels were then imaged with a Typhoon 9400 fluorescent imager (GE Healthcare) using a different emission filter for each CyDye, and the images were analyzed using Progenesis SameSpots (version 2.0; Nonlinear USA, Durham, NC). Preparative/picking gels were stained using Deep Purple Total Protein Stain (GE Healthcare) and then, also, imaged using the Typhoon 9400.
Protein identification by mass spectrometry. Identification of proteins by mass spectrometry was performed as described previously (7) . Briefly, protein spots were picked from preparative/picking gels using the Ettan Spot Picker (GE Healthcare) and the gel plugs digested with trypsin. The digested proteins/peptides were extracted from the gel plugs, cleaned and concentrated using C 18 ZipTips (Millipore, Billerica, MA), and spotted onto 384-well MALDI plates with matrix. Peptides were analyzed by mass spectrometry using the 4800 MALDI ToF/ToF Proteomics Analyzer (Applied Biosystems) in the Mass Spectrometry Core at the Penn State College of Medicine. GPS Explorer 3.6 software (Applied Biosystems) was used to submit the mass spectrometry (MS) and tandem mass spectrometry (MS/MS) data to the MASCOT search engine and the NCBI nonredundant database, and human taxonomy was used for identification. MASCOT confidence interval scores of Ͼ95% were considered a positive protein identification. For proteins having multiple isoforms, statistical analyses were done on the sum of all identified isoforms for that protein.
Multianalyte profile assays. An undepleted 100 L aliquot of each sample was sent to Rules Based Medicine (Austin, TX), a clinical laboratory improvement amendments (CLIA)-certified laboratory. Analysis of the samples was performed using the HumanMAP version 1.6 Antigen panel, capable of detecting 90 different human antigens related to tissue damage, inflammation, or other pathologies.
Statistical and bioinformatic analysis. Information about the acquisition and processing of data from the 2D-DIGE studies are provided in the form recommended for MIAPE Gel Informatics currently being developed by the HUPO-PSI (http://www.psidev.info/index.php?q ϭ node/83) (Table S2: http://links.lww.com/PDR/A59). Multivariate statistical analysis of the proteomic data for the protein spots was done using Progenesis Stats (Nonlinear USA) to perform principal components analysis (PCA), power analysis of the data, and for t tests for the individual spots. Protein measurements from both the 2D-DIGE and multianalyte profile (MAP) methods were analyzed separately, and their values were transformed to natural logarithms to better approximate normality. A repeated measurements analysis of variance was applied to compare samples collected at the two time points using SAS version 9.1 (SAS Institute, Cary, NC). Significance was reported both with and without Bonferroni adjustments.
Proteins identified as having significant changes (p Ͻ 0.05 by repeated measurements) either by 2D-DIGE or MAP were then combined for bioinformatic analyses. Ontological groupings were analyzed for these proteins using the PANTHER database (www.pantherdb.org) (SRI International) (10) . All proteins undergoing significant changes were then imported into the Ingenuity Pathway Analysis (IPA) system (Ingenuity Systems, Redwood City, CA) to visualize and examine potential networks of proteins and canonical pathways.
RESULTS

2D-DIGE analysis.
Passage of plasma samples through the Human-14 MARS column removed ϳ95% of the original protein content containing the 14 most abundant plasma proteins. The completeness of removal of these proteins was confirmed by the absence of spots corresponding to them on the resulting 2D-DIGE gels.
A total of 556 protein spots were visualized and matched in all gels. Of the 556 matched spots, 175 (31.5%) changed significantly from the baseline (pre-CPB) time point to the 24 h post-CPB time point (t test, p Ͻ 0.05) with 75 (13.5%) increases and 100 (18.0%) decreases. By using MALDI-ToF/ToF, we identified (with MASCOT confidence interval scores of Ͼ95%) the proteins that comprised 269 of the 556 matched spots. The identified spots accounted for 48.4% of the total spots and 88.0% of the total expressed protein resolved by the gel.
Many plasma proteins consist of a number of isoforms corresponding to multiple gel spots. Therefore, after analysis and identification of individual gel spots, we added together the normalized volumes for all gel spots/isoforms that were determined by MALDI-ToF/ToF to be isoforms of the same protein and performed statistical analysis on the new values representing the whole proteins. A list of proteins, including NCBI and Swiss-Prot accession numbers and the biologic processes and molecular functions assigned to each by the PANTHER database for all identified 2D-DIGE proteins, can be found in the Table S3 (http://links.lww.com/PDR/A59). Figure 1 depicts the reference gel with the identified proteins and all of their isoforms circled and numbered. Fortyfour proteins were identified by 2D-DIGE and MALDI-ToF/ ToF. These were compared, and it was determined that 25 (56.8%) changed significantly (p Ͻ 0.05 by repeated measurements analysis) between time points with 10 (22.7%) protein increases and 15 (34.1%) protein decreases. These proteins are listed in Table 2 . We then reevaluated these changes after All patients were given 50 mL of 25% albumin, 1000 units of heparin, and 15 mEq of NaHCO 3 as part of the priming solution. No platelets were given after bypass.
RACHS (8).
BSA, body surface area; Hb, Hemoglobin; Hct, hematocrit; PRBC, packed red blood cells.
applying the Bonferroni correction for multiple comparisons, and the number of significant proteins (p Ͻ 0.001) was reduced to 17 (38.6%) with 8 (18.2%) increases and 9 (20.4%) decreases. These proteins are listed in the upper part of Table  2 and designated by "*." A complete listing of all proteins identified by 2D-DIGE, their values, and percent change can be found in Table S3 (http://links.lww.com/PDR/A59). MAP analysis. MAP analysis was performed by Rules Based Medicine using the HumanMAP version 1.6 Antigen panel, which detected a total of 90 proteins. A list of proteins, including NCBI and Swiss-Prot accession numbers, and PANTHER assignments for all proteins measured by the MAP assay, can be found in Table S4 (http://links.lww.com/PDR/A59). As with the 2D-DIGE study, we first compared the time points by repeated measurements. Of these 90 proteins, 49 (54.4%) were shown to change significantly (p Ͻ 0.05 by repeated measurements) between the time points with 26 (28.9%) increases and 23 (25.5%) decreases. These proteins are listed in Table 3 . We then applied the Bonferroni adjustment, and the number of significant changes (p Ͻ 0.00056) was reduced to 21 (23.3%) with 16 (17.8%) increases and 5 (5.5%) decreases. These proteins are listed in the upper part of Table 3 and designated by "*." A complete listing of all proteins quantified by the MAP assay, their values, and percent change can be found in Table S4 (http://links.lww.com/PDR/A59).
Combined analysis of 2D-DIGE and MAP proteins. Of the 129 proteins identified and quantified in this study, five were quantified by both methods, and the percent change for proteins detected by both platforms was similar, although not identical (Tables S3 and S4 : http://links.lww.com/PDR/A59). Proteins undergoing significant changes between time points with Ն50% change are shown in Figure 2 .
We used the PANTHER database to gain insight into the functional implications of the changes in protein expression after CPB. For this analysis, only proteins with significant changes were entered into PANTHER to determine their potential impact on molecular functions and biologic processes. These are depicted in Figure 3 with proteins separated into those that increased (Fig. 3A and C) and those that decreased ( Fig. 3B and D) . Note that PANTHER may attribute many functions and/or processes to a given protein. Many of the proteins with significant changes in expression are categorized by the molecular function of "signaling molecule (SIGN)," "select regulatory molecule (SRM)," and "defense/ immunity protein (DIP);" with biologic processes of "signal transduction (ST)," "protein metabolism and modification (PMM)," and "immunity and defense (ID)," respectively. The molecular functions (Fig. 3A and B) and biologic processes (Fig 3C and D) attributed to the proteins by the PANTHER database are shown in pie charts for all plasma proteins with significant changes in expression between time points. The data in Tables 2 and 3 and Table S3 and S4 (http://links.lww.com/PDR/A59) reveal that most of the proteins with the greatest changes in expression (Ͼ200%) are included in the above-mentioned PANTHER categories, indicating that these categories are not only the ones with the most significant protein changes but that they also contain the proteins with the largest changes in expression.
We then performed an Ingenuity Pathways analysis on the combined list of all significantly changing proteins identified by 2D-DIGE and MAPs. This analysis demonstrated that the canonical "acute phase response signaling" pathway was the most highly regulated (p Ͻ 6.75E-27) of the pathways incorporating these set of proteins (Fig. 4) . Patterns of expression for the identified proteins closely match those predicted by the acute phase response pathway and suggest that interleukin (IL)-6 may be an important mediator in the up-regulation of many of the proteins, possibly acting through the JAK2/ STAT3 pathway.
DISCUSSION
Because of the potentially serious sequelae that SIRS can cause, there have been many studies attempting to identify biomarkers that could be used to predict, diagnose, and monitor its clinical course. SIRS may occur in a wide variety of conditions, so defining subgroups could enhance the development of treatment options (11, 12) . A number of biomarkers for SIRS have been used in the past including, but not limited to, IL-6, procalcitonin, and C-reactive protein (CRP) (13-15). These three proteins showed the greatest changes in the current study ( Fig. 2; ϳ800 -2300%) . However, recently, the value and specificity of some of these has been questioned (16, 17) . It is conceivable that there may be other more specific biomarkers or combinations of biomarkers, which may be more useful as predictors and monitors of SIRS. Moreover, these could be useful in terms of dividing patients with SIRS into subgroups. The analysis of a data pattern instead of several individual parameters has been shown to be advantageous for individualized predictions on postoperative recovery in cardiac surgery (18) . The use of multiple parameters to assess statistical significance by data pattern analysis has also been helpful in a human model for individual risk assessment (19) . Studies have successfully used multivariate logistic regression to combine data from sets of individual biomarkers to form a single-value composite index (20) , along with algorithms and decision tree models (21) to accurately diagnose disease. It is also important to note that the limited size of this pilot study may have prevented some changes from reaching statistical significance, but it would be premature to eliminate these proteins from CPB studies at this time.
The dual-platform proteomics approach chosen here, which coupled 2D-DIGE and MALDI-ToF/ToF with multianalyte immunoassays, allowed us to identify and/or quantify a combined total of 129 different proteins between the two platforms: 44 by 2D-DIGE and 90 by MAPs, with five proteins being identified by both (Tables 2 and 3 ) and only required the use of 150 L of plasma. This total excludes the 14 most abundant plasma proteins, which we immunodepleted from our samples before 2D-DIGE. Note that the dual approach permits quantification of known (but very rare) protein analyte species using the MAP platform, simultaneously illuminating novel (but more abundant) proteins using the 2D-DIGE assay. It is likely that future 2D-DIGE studies will expand our list of identified proteins. Some of the proteins identified in this study, taken individually or together, may serve as more reliable potential biomarkers for predicting and assessing SIRS and other CPB-related complications. They could also provide additional insight into the mechanisms responsible for some of these complications. We eventually plan to incorporate these biomarkers into state-of-the-art microfluidic devices that can be used for real time measurement of the protein biomarkers of systemic inflammation (22) . This would permit study of the time course of systemic inflammation, thereby enabling the development of treatment modalities to reduce or eliminate systemic inflammation and/or minimize its sequelae, thereby reducing the risks of CPB.
To enhance our understanding of the potential impact of the proteomic changes we observed with CPB, we focused on the 70 proteins that exhibited significant changes in expression using the PANTHER gene ontology database. Ontological analysis indicated altered expression of proteins from three major categories for molecular function (SIGN, SRM, and DIP) included 65% (46 of 71) of the significantly altered proteins and three major categories for biologic processes (ST, PMM, and ID) included 79% (56 of 71; Fig. 3 ). It is interesting to note that many of the proteins falling into these highly represented categories were also the proteins that showed the greatest changes in levels of expression. All proteins quantified by 2D-DIGE and undergoing significant changes are listed. Values at each time point are means (SD) of the normalized volumes for proteins determined to be significant (p Ͻ 0.05) by repeated measures analysis of natural logarithms for each group (n ϭ 10/group). For proteins with multiple isoforms, the normalized volumes of all isoforms were added together. The percent change between time points is shown. * Proteins that remain significantly different after the Bonferroni adjustment (p Ͻ 0.001) are listed in the upper portion of the table. † Proteins also quantified by MAP. A complete listing of all of the proteins identified by 2D-DIGE can be found in Table S3 (http://links.lww.com/PDR/A59). CFI, complement factor I; SHBG, sex hormone-binding globulin; TN, tetranectin.
Further analysis with Ingenuity Pathways indicated that many of the protein changes after CPB are related to the acute phase response signaling pathway (p Ͻ 6.755E-27; Fig. 4 ). This included both positive and negative acute phase elements. Given the known association of CPB with inflammation and SIRS, this was expected. IL-6, which increases by more than 10-fold, is at the proximal end of the cascade and apparently affects the regulation of a number of the proteins identified in this study through the JAK2/STAT3 pathway, including CRP and lipopolysaccharide binding protein (LBP).
A number of other canonical pathways were also implicated by the Ingenuity program on the basis of identified proteins. Among these were the coagulation system, the complement system, and cytokine-mediated signaling and glucocorticoid receptor signaling, although there were fewer significant changes in protein expression in the proteins associated with these pathways.
Study limitations. Although all of these 10 patients fit our inclusion criteria in terms of risk stratification, body weight, and age, the duration of CPB and cross-clamp varied patient to patient. This is the limitation of our study. Another limitation of this study is that we compared only two samples (baseline versus 24 h post-CPB); therefore, we may miss the early peak of several proteins. Because of the limitation of blood samples taken from Figure 2 . Histogram of significant proteins with greater than 50% change in expression. All proteins changed significantly and underwent at least a 50% change. Proteins that remain significantly different after the Bonferroni adjustment are indicated by "*." pediatric patients, in particular from neonates and infants, we were able to take only a limited number of samples. Several previous studies (including ours) have showed significant changes in levels of biomarkers during CPB and at 1, 3, 6, 12, and 18 h post-CPB. On the basis of our past experience, usually most of the "classical" biomarkers return to normal levels after 24 h post-CPB. This was one of the reasons to collect the last sample at 24 h post-CPB. However, we have discovered that 70 proteins remained significantly changed after 24 h post-CPB even though the sample size was small. In addition, this study is a pilot study and will not have statistical power to correlate the levels of biomarkers and tissue damage. Rather, this is a study using a novel approach that combines two discovery proteomics techniques to identify a pattern of potential biomarkers using only 150 L of plasma.
CONCLUSIONS
This study uses a novel approach that combines two powerful proteomics techniques to identify patterns of potential biomarkers that change after CPB. The identification and quantification of these biomarkers using only 150 L of Figure 4 . Acute phase signaling pathway. Ingenuity pathways analysis of a combined list of all 129 proteins identified by 2D-DIGE and MAP. The canonical "acute phase response signaling" pathway was determined to be the most highly regulated (p Ͻ 6.75E-27) pathway by this set of proteins. Proteins with significant increases in expression are shown in red, proteins with significant decreases are shown in green, and proteins that were identified but did not change significantly are shaded in gray.
plasma may provide additional insight into the mechanisms responsible for CPB-related complications, particularly systemic inflammation, and enable preventative measures or treatments to be used during and after CPB procedures to help reduce the systemic effects of CPB and improve the outcomes of pediatric CPB patients.
